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A B S T R A C T

Crops and livestock play a synergistic role in global food production and farmer livelihoods. Increasingly,
however, crops and livestock are produced in isolation, particularly in farms operating at the commercial scale.
It has been suggested that re-integrating crop and livestock systems at the field and farm level could help reduce
the pollution associated with modern agricultural production and increase yields. Despite this potential, there
has been no systematic review to assess remaining knowledge gaps in both the social and ecological dimensions
of integrated crop and livestock systems (ICLS), particularly within commercial agricultural systems. Based on a
multi-disciplinary workshop of international experts and additional literature review, we assess the current
knowledge and remaining uncertainties about large-scale, commercial ICLS and identify the source of remaining
knowledge gaps to establish priorities for future research. We find that much is understood about nutrient flows,
soil quality, crop performance, and animal weight gain in commercial ICLS, but there is little knowledge about
its spatial extent, animal behavior or welfare in ICLS, or the tradeoffs between biodiversity, pest and disease
control, greenhouse gas (GHG) mitigation, and drought and heat tolerance in ICLS. There is some evidence
regarding the economic outcomes in commercial ICLS and supply chain and policy barriers to adoption, but little
understanding of broader social outcomes or cultural factors influencing adoption. Many of these knowledge
gaps arise from a basic lack of data at both the field and system scales, which undermines both statistical analysis
and modeling efforts. Future priorities for the international community of researchers investigating the tradeoffs
and scalability of ICLS include: methods standardization to better facilitate international collaborations and
comparisons, continued social organization for better data utilization and collaboration, meta-analyses to
answer key questions from existing data, the establishment of long term experiments and surveys in key regions,
a portal for citizen science, and more engagement with ICLS farmers.
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1. Introduction

The last century has brought remarkable transformation in global
food systems via the proliferation of non-draught powered farm
machinery, improvements in plant and animal genetics, the invention
of synthetic fertilizers, and increased trade (Busch and Bain, 2004;
Foley et al., 2011). While many of these changes have contributed to
increasing global food production, another consequence has been the
de-coupling of crop and livestock systems and a loss of agricultural
diversity at both the field and territorial (regional) scales in many
countries (Naylor et al., 2005). Although these two functional groups of
agricultural production worked for hundreds of years in a synergistic
capacity on rural landscapes throughout the world (FAO, 2010), crops
and livestock are increasingly produced in isolation, separated in some
cases by great distances (Peyraud et al., 2014), particularly in com-
mercial-scale farms - farms that sell a majority of their production
(Robinson et al., 2011). This de-coupling has engendered major
changes in production practices and agricultural supply chains and
numerous social and environmental externalities (Naylor et al., 2005).
It has been suggested that re-integrating crop and livestock systems at
the field or territorial level (by co-locating them in space and over time)
(Bell and Moore, 2012) could help solve many of the social, economic,
and environmental challenges that our global food system now faces
(FAO, 2010; Martin et al., 2016; Wilkins, 2008). Some governments
have even developed programs and policies to promote the re-integra-
tion of commercial scale crop and livestock systems in their countries
(e.g. Australia's Grain and Graze program (http://lwa.gov.au/
programs/grain-and-graze) and Brazil's National Crop-Livestock-For-
estry Integration Policy (Law 12,805/13).

The integration of crop and livestock systems may occur in a variety
of forms. Examples of field level integration of crop and livestock
systems include: i) grazing livestock on crops, crop residues, or forage
cover crops, ii) phase farming, i.e., rotating pastures and cropland over
several years, and iii) grazing of understory vegetation in vineyards or
orchards. Examples of territorial integration include: i) cooperative
arrangements between different farms to allow temporary grazing on
crop residue, ii) regional planning to match supply and demand for
livestock feed, and iii) trading animal wastes and crop residues between
farms (Martin et al., 2016).

Understanding the interactions between dynamic configurations of
crops, forages, and livestock and the broader natural and human
systems in which they are embedded requires models and data that
span many disciplines and scales. Yet, research on social and ecological
outcomes of different forms of ICLS, particularly within commercial
farming systems (as opposed to subsistence farming systems), remains
limited or regionally concentrated, minimizing the capacity to compare
across systems and regions and advance a broader understanding about
the cost and benefits of ICLS. Due to these research gaps it is hard to
take stock of which questions we are currently able to answer with
existing data and models, and where substantial capacity needs to be
built to address present knowledge gaps and future questions.

For this reason, we convened a meeting of international scientists,
practitioners, and modeling experts as part of a National Science
Foundation “Science, Engineering, and Education for Sustainability”
grant (#1415352). The meeting took place at the University of
California, Davis in April, 2015 and was attended primarily by
researchers from the two focal countries of the grant: Brazil and the
United States, but also participants from other regions where commer-
cial ICLS is also occurring at scale including New Zealand and Europe.
During the two-day workshop, we addressed the following questions,
which we detail in this paper:

i) What do we currently know about the social and ecological
processes in commercial ICLS?

ii) What knowledge about these processes do we lack that prevents us
from understanding the likely social and environmental outcomes if

ICLS are adopted on a wide scale and the factors that may limit
adoption?

iii) What is the source of these knowledge gaps?
iv) What data, models, and analysis should be prioritized to address

these knowledge gaps and their sources?

Answers to these questions are necessary to help define priorities for
the scientific community, funding agencies, and practitioners to
advance ICLS research across multiple disciplines. They can also help
set the agenda for more applied work and partnerships among farmers,
researchers, and non-profit organizations and help design systems,
management options and policies which will help disseminate ICLS
across an array of potentially interested communities.

The following paper represents a systematic effort based on the
aforementioned workshop and additional literature review to answer
these questions, particularly as they pertain to large scale, commercial
agricultural systems. To structure our findings, we identified four fields
of inquiry relevant to ICLS. These fields of inquiry include:

i) Nutrient flows and crop performance in ICLS;
ii) Animal performance, health, and welfare in ICLS;
iii) Emergent ecosystem properties of ICLS; and
iv) Social benefits and barriers to ICLS adoption.

Based on this review and synthesis we summarize whether major
knowledge gaps are due to data or model limitations, or both. We then
discuss key priorities to advance research on ICLS in the future based on
our analysis.

This work builds on the results of a global consultation on ICLS
(FAO, 2010) and several other comprehensive reviews of current
knowledge related to ICLS in commercial systems in Australia, Brazil,
Europe, and the United States (Bell and Moore, 2012; Bonaudo et al.,
2014; de Moraes et al., 2014a; Lemaire and Franzluebbers, 2013;
Martin et al., 2016; Peyraud et al., 2014; Russelle et al., 2007; Sulc and
Franzluebbers, 2014). Most of these reviews focus on the benefits of
ICLS within a single geographic region, although some also touch on
challenges for their adoption. We extend these reviews by synthesizing
research on commercial ICLS between regions and including more
information on the social aspects of ICLS. More importantly, we use this
synthesis of current knowledge to highlight remaining knowledge gaps
and identify future research priorities.

2. ICLS in the focal regions

This paper focuses on current knowledge of ICLS in Australia, Brazil,
France, New Zealand, and the United States due to our interest in larger
scale, commercial agricultural systems and the existence of sufficient
prior research on ICLS in these regions. There are likely other countries
(i.e. Canada) where commercial ICLS can be found, but there is little
existing research from these regions (a major knowledge gap in and of
itself).

Within the focal regions, ICLS systems take a variety of forms but
typically involve cereals and sheep or beef cattle (Table 1). Large farms
(> 20 ha) are the most common and dominate the landscape (except
for Brazil where large farms comprise 40% of the farms but 95% of the
area) (Adamopoulos and Restuccia, 2014; Lowder et al., 2016). In all
regions, large scale monocultures and/or continuous pasture systems
contribute greatly to the country's major environmental challenges,
including greenhouse gas emissions, water and air pollution, saliniza-
tion, and biodiversity loss (Lapola et al., 2013; Monaghan et al., 2007;
Rengasamy, 2006; Stoate et al., 2001; Tilman et al., 2002).

Despite the commonality of large farm sizes, the focal regions span a
range of social (policy, culture, and economic) and ecological (climate,
topography, and vegetation) contexts (Garrett et al., 2017; Peyraud
et al., 2014), which makes their comparison helpful for understanding
how differing social and ecological contexts affect outcomes in com-
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